Background: Chronic inflammation and autoimmunity likely contribute to the pathogenesis of abdominal aortic aneurysms (AAAs). The aim of this study was to investigate the role of autoimmunity in the etiology of AAAs using a genetic association study approach with HLA polymorphisms.
Background
Several distinct processes contribute to the pathologic changes observed in abdominal aortic aneurysms (AAAs). The most apparent of these are chronic inflammation, destructive remodeling of the extracellular matrix, and depletion of vascular smooth muscle cells [1] . Local immune responses in the aorta are an important factor in AAA pathogenesis. Autoimmunity has been proposed to play a role in the pathogenesis of AAA [2, 3] . Infiltration of monocytes, macrophages, B-lymphocytes, plasma cells and T-lymphocytes (including both CD4 and CD8 T-cells) is commonly observed in the AAA walls [4] . Although the actual factors (triggers) responsible for initiating the chronic inflammatory response in the pathogenesis of AAA are not yet known, HLA loci, particularly the HLA-DQ and HLA-DR antigens, may play a key role.
The major histocompatibility complex (MHC) is located at chromosome 6p21. 31 and is the most gene-dense and polymorphic region of the human genome identified so far [5] . Historically, the MHC has been divided into three regions: HLA class I, class II and class III. Although class I antigens are present on the surface of most types of cells in the human body, class II antigens are expressed by a few types of antigen-presenting cells, namely B-lymphocytes, macrophages, dendritic cells, thymic epithelial cells, and activated T lymphocytes [6, 7] . The MHC locus has been associated with more diseases than any other region of the human genome with more than 20,000 research articles published [8] , and most of the significant associations were with the class II polymorphisms [5, 7] .
The HLA class II region contains five isotypes, HLA-DM, -DO, -DP, -DQ and -DR, all of which are heterodimers composed of α and β chains [7] . There are only few polymorphisms in the HLA-DM and -DO isoforms. On the other hand, HLA-DP, -DQ and -DR are quite polymorphic [7] . For HLA-DQ, both the α and β chains, which are expressed by HLA-DQA1 and -DQB1 genes, respectively, contribute to the variability. For HLA-DRB, only the β chain, which is expressed by the HLA-DRB1 gene, contributes to the variability [7] . HLA-DRB1 (β chain) has another functional isoform, DRB3-5, whose genes are located close to the -DRB1 gene. Only one allele in each individual is expressed from DRB3, 4 and 5 genes combined [7] . HLA-DQ and -DR proteins are responsible for presenting foreign peptide antigens from infectious agents, such as bacteria, viruses or autoimmune antigens, to CD4 T-cells. These antigens stimulate CD4 T-cell responses that activate B-cells and macrophages. The structure of the HLA-DQ or -DR peptide-binding groove varies considerably depending on which DQA1, DQB1 and DRB1 alleles are being exposed [9] . These genetic differences may affect the immune response by increasing or decreasing the ability of HLA-DQ or -DR molecules to bind and properly present foreign antigens to the CD4 Tcell [7, 10] .
Several association studies between HLA polymorphisms and AAAs have been performed [11] [12] [13] [14] [15] [16] [17] [18] [19] . The sample sizes of these studies, however, were small and the results were inconsistent. The aim of the current study was to investigate further the role of autoimmunity in the etiology of AAAs by carrying out a genetic association study with the HLA-DQA1, -DQB1, and -DRB polymorphisms for AAA.
Methods

Study population
A definition of AAA by Johnston et al [20] (a diameter of infrarenal aorta ≥ 3 cm) was used. These standards have also been used by other investigators [21] [22] [23] . Altogether 387 unrelated AAA cases (males: 316, 81.7%), 180 Belgian (males: 161, 89.4%), admitted to University Hospital of Liège in Liège, and 207 Canadian (males: 155, 74.9%), admitted to Dalhousie University Hospital in Halifax, were entered into the study. Seventeen patients were admitted for emergency repair of ruptured AAA and 335 patients were admitted for elective surgery. Thirty-five patients were diagnosed with AAA using ultrasonography and were not operated on due to old age or because the size of the aneurysm was relatively small (< 5 cm). Altogether 152 cases (39.3%) had a family history of AAA, which was defined as having at least one first-degree relative affected with AAA. All patients were Caucasian.
Control samples were obtained from 426 Caucasians (males: n = 217, 50.9%; 269 Belgian and 157 Canadian) and included spouses of AAA cases (n = 114; all Canadian; 4 males, 110 females), or individuals admitted to the same hospitals for reasons other than AAA (n = 312; 183 Belgian males, 86 Belgian females; 29 Canadian males and 14 Canadian females).
The study was approved by the Institutional Review Boards of Wayne State University School of Medicine and each patient recruiting center. All subjects gave informed written consent to participate into the study.
Genotyping
Genomic DNA was isolated from peripheral blood using a Puregene kit (Gentra Systems, Minneapolis, MN). Before performing genotyping PCR, a whole-genome amplification using primer extension preamplification (PEP) was carried out to increase the amount of template DNA available for genotyping and to ensure that limited resources are used cost-effectively [24] . The performance of PEP in subsequent genotyping reactions was validated extensively in our laboratory previously [24] . The PEP products were diluted 100-fold and used for genotyping. Throughout the manuscript we use the gene symbols approved by the HUGO Gene Nomenclature Committee [25] .
HLA-DQA1, -DQB1, -DRB1 and -DRB3-5 alleles were determined by PCR and single-strand oligonucleotide probe hybridization assay. HLA-DQA1 alleles were determined according to Kimura et al [26] . Quality control samples, including positive and negative controls, were included in each set of 96 samples run in genotyping reactions. Positive controls included samples whose HLA genotypes were known. HLA-DQA1 was amplified using primers DQAP1 (5'-ATGGTGTAAACTTGTACCAGT-3') and DQAP2 (5'-TTGGTAGCAGCGGTAGAGTTG-3') to generate a 230-bp fragment. Fourteen single-strand oligonucleotide probes discriminated between HLA-DQA1*0101/0104, *0102, *0103, *0201, *03011/0302, *03012, *0401, *0501 and *0601 alleles. HLA-DQB1 alleles were determined as previously described [27] . HLA-DQB1 was amplified using primers DQP14 (5'-TGT-GCTACTTCACCAACGGG-3') and DQP5 (5'-GGTAGTT-GTGTCTGCACAC-3') to generate a 210-bp fragment. Twenty-five single-strand oligonucleotide probes could discriminate between HLA-DQB1*0201/0202, *0301, *0302, *03031, *03032 *0304, *0305, *0401, *0402, *0501, *0502, *0503, *0504, *0601, *0602, *0603, *0604, *0605, *0606, *0607 and *0608 alleles. Both HLA-DRB1 and DRB3-5 alleles were amplified using primers GH46 (5'-CCGGATCCTTCGTGTCCCCACAG-CACG-3') and P2A (5'-TCGCCGCTGCACTGTGAAGC-3') to generate a 290-bp fragment. Forty single-strand oligonucleotide probes could discriminate between HLA-DRB1*0101, *0102, *0103, *0301/0303, *0302, *0401, *0402, *0403, *0404, *0405, *0406, *0407, *0408, *0409, *0410, *0411, *0412, *0413, *0414, *0415, *0701/0702, *0801, *0802, *0803, *0804, *0805, *0806, *0901, *1001, *1101, *1102, *1103, *1104, *1105, *1201, *1202, *1301, *1302, *1303, *1304, *1305, *1306, *1401, *1402, *1403, *1404, *1405, *1406, *1407, *1408, *1409, *1410, *1501, *1502, *1503, *1601 and *1602 as well as DRB3*0101, *0201, *0202, *0301, DRB4*0101, DRB5*0101, *0102, *0201/ 0202 and *0203 alleles [26] . Samples whose hybridization pattern failed to match with the pattern of a known allele were classified as "could not be determined". Exceptions were the unknown alleles which could be classified into two possible alleles, such as HLA-DRB1*0403 or *0407, but could not be classified into one particular allele, and were then designated as "*0403 or *0407". Two individuals (T.O. and L.G.) scored the results independently and discrepancies were resolved by re-evaluation of the raw data or repeating the experiment, if necessary.
Statistical analyses
First, the distributions of allele frequencies between the Belgian and Canadian control groups were compared. Asymptotic p-values were obtained using the χ 2 test for association. Because of the large number of alleles at each locus, we also obtained empirical p-values for the test of association for each allele using a permutation test for the entire table (called the T1 test statistic as opposed to other test statistics computed by this program that collapses the table in various ways) as implemented in the computer program CLUMP [28] . In this permutation test, the population group is permuted numerous times, and the test statistic is recomputed for each permutation. The observed test statistic is then compared to the distribution of the permuted test statistics to obtain an empirical pvalue. Significant differences between the two control groups for all of the HLA loci were found. The p-values were: 0.062 (empirical: 0.056) for DQA; 0 (empirical: 0.0001) for DQB, 0.008 (empirical: 0.0046) for DRB, and 0 (empirical: 0.0001) for DRB3-5. Canadian and Belgian populations were, therefore, analyzed separately. To evaluate the association between alleles and AAA, the same approach was used. The Haplo.stats program [29] was used to estimate haplotype frequencies via the expectation-maximization (EM) algorithm for HLA-DQA1, -DQB1, -DRB1 and -DRB3-5 alleles, and to compute two score tests of association between disease status and HLA haplotype: 1) global score statistics and 2) haplotype-specific score statistics. Rare haplotypes with frequencies ≤ 0.01 were pooled into a single baseline group. The score test is developed under the generalized linear model framework, where the score function is the first derivative of the log-likelihood from the exponential family distribution. The variance matrix is determined by the matrix of negative second partial derivative of the log-likelihood. Using the results from the EM algorithm, the score statistics S = U T V -1 U are evaluated under the null hypothesis, which asymptotically has a chi-square distribution. Empirical p-values are obtained for the score statistics using permutation. Results on haplotypes with only two loci are reported, since the contingency table for 3-or 4locus results was sparse given the large number of alleles at each locus. Analyses were also conducted stratified by sex, and the presence of a positive family history. Pairwise measures of linkage disequilibrium (LD) were estimated using the observed genotypes for the four HLA loci using the GOLD program [30] . All measures of D' were between 0.26 and 0.37, indicating comparatively low LD between loci. Correction for multiple testing was applied to the most significant p-values using the Sidak function.
Post hoc power calculations
Since the HLA locus has a large number of alleles and the allele frequencies are variable across populations, we computed power for the locus based on the frequency observed in the samples. Power calculations were performed using the power calculator for binomial proportions in Splus 7.0 (Insightful Corporation, Seattle, WA) for a test of the null hypothesis that p1 = p2, where p1 is the allele frequency in cases and p2 is the allele frequency in controls, versus the alternative hypothesis that the allele frequencies for the cases and controls are different. To obtain 80% power with the risk allele frequency of 0.208 in the cases and 0.124 in the controls, we needed 331 subjects per group for an α of 0.05, and 460 subjects per group for an α of 0.0125 (to account for multiple testing).
Results
HLA-DQA1, -DQB1, -DRB1 and -DRB3-5 allele frequencies are summarized in Tables 1, 2, 3, 4. Empirical p-values obtained by permutation test and asymptotic p-values obtained by χ 2 test are shown in Table 5 . Results are shown separately for the Belgian and Canadian populations for two reasons: 1) comparison of the distribution of allele frequencies between the Belgian and Canadian control groups using a chi-square test showed significant differences for all of the HLA loci. The p-values were: 0.062 (empirical: 0.056) for DQA; 0 (empirical: 0.0001) for DQB, 0.008 (empirical: 0.0046) for DRB, and 0 (empirical: 0.0001) for DRB3-5; and 2) in our previous work we showed highly significant departure from Hardy-Weinberg proportions for several markers in the combined sample, but not in the subsets, indicating evidence for the presence of population stratification [31] . There was a nominally significant association between AAA and HLA-DQA1 locus in the Belgian population (empirical p = 0.039; asymptotic p = 0.049; p = 0.147 after Sidak correction for multiple testing). In particular, the frequency of the HLA-DQA1*0102 allele was significantly increased in the AAA group (75/360 alleles, 20.8%) compared to the control group (71/522 alleles, 13.6%) in the Belgian population (empirical p = 0.033; asymptotic p = 0.005; Table  1 ). No significant associations were found in the Canadian population (Tables 1, 2 , 3, 4, 5), but this might be due to lower power to detect such associations because of smaller sample size.
The results on analyses in which the AAA cases and controls were stratified by sex are shown in Table 5 . The HLA-DQA1 allele frequencies in AAA cases and controls in the Belgians stratified by sex are shown in Table 1 . The association between AAA and HLA-DQA1 locus remained nominally significant only in the Belgian male population (empirical p = 0.027; asymptotic p = 0.071; p = 0.104 after Sidak correction for multiple testing). There was a significant increase in the frequency of the HLA-DQA1*0102 allele among AAA cases (67/322 alleles, 20.8%) compared to controls (44/356 alleles, 12.4%) in the Belgian male population (empirical p = 0.019; asymptotic p = 0.003). The odds ratio was 1.86 and 95% confidence interval was 1.56 to 2.22 for the HLA-DQA1*0102 allele versus all the other alleles in the Belgian males. Since the number of female cases was small, no conclusions can be drawn about the association in females. In the Belgian population, the association between AAA and DQA1 was greater among those with a family history of AAA (empirical p = 0.069; asymptotic p = 0.067) compared to those without a family history of AAA (empirical p = 0.157; asymptotic p = 0.164). Since the proportion of males was similar in the group with (88%) and without (90%) family history, the result was not due to difference in the number of males in each group. No additional significant associations were found between AAA cases and controls when AAA cases were stratified by family history of AAA ( Table 6 ).
The results of haplotype analyses for the HLA-DQA1, -DQB1, -DRB1 and -DRB3-5 loci between AAA cases and controls are shown in Tables 7 and 8 . Only the most significant haplotypes and their p-values when analyzing two-locus haplotypes are listed. Although most of the frequencies of the most significant haplotypes were relatively rare (< 5%), haplotype DQA1*0102/DRB1*1601 had a relatively high frequency (11.6%; Table 7 ). Using the global score statistics, the nominal p-value was 0.049 and with haplotype-specific score statistics, the nominal pvalue was 0.002 for this haplotype, which is not as strong statistical evidence as the result for the DQA1 locus alone. In addition, the haplotype results were not significant among the Belgian males (Table 8) , as was observed for DQA1 alone.
Discussion
AAA is a relatively common disease in that an estimated 1-6% of the population in industrialized countries harbor aneurysms [32] . Rupture of AAAs causes 1-2% of all deaths in males over 65 years of age in Western countries [33, 34] . It has been suggested that AAAs are a complex disease [35, 36] . Two segregation studies favored a genetic model in explaining the familial aggregation of AAA and suggested the presence of a major gene effect [35, 36] .
Recently, we reported on a collection of 233 families with at least two individuals affected with AAA [37] , and identified two genetic susceptibility loci for AAA on chromosomes 19q13 and 4q31 [38] . We also recently reported a genetic association study for polymorphisms in biologically relevant candidate genes for AAA, and found evidence for an association between tissue inhibitor of metalloproteinases 1 (TIMP1) polymorphisms and AAA [31] .
It is well known that there are large differences in the frequencies of the HLA polymorphisms in different populations. We, therefore, carried out the analyses with Belgian and Canadian populations separately, to avoid potential false positive results because of population stratification. There have, however, been several examples where substructure within Caucasian samples has been explored and identified [39, 40] , thus the possibility of cryptic substructure within each population remains a concern. Although ancestry informative marker (AIM) panels exist, these panels have been created with the intent of distinguishing the major racial/ethnic groups, and may not be sensitive for detecting population substructure within a single racial/ethnic group. Ideally, it will be possible in the future to utilize AIM panels that are specific to addressing the question of cryptic relatedness within the Caucasian population.
We observed a potential association between the HLA-DQA1 locus and AAA among the Belgian males. In particular, there was a statistically significant difference in the frequency of the HLA-DQA1*0102 allele between AAA [29] was used for the analyses. Rare haplotype with frequencies ≤ 0.01 were pooled into a single baseline group. Results on haplotypes with only two loci are reported. cases and controls in the Belgian males. This finding suggests that the HLA-DQA1 locus harbors a genetic risk factor for AAAs. Since the number of the Belgian female cases was small (n = 20), further work with a larger sample will be needed to investigate the role of HLA in female AAA cases. No significant associations were observed in the Canadian population, although the frequency of the DQA1*0102 allele was also higher in the Canadian cases than the controls.
Several association studies between HLA polymorphisms and AAA have been performed previously. Most of the previous studies were small and different methods to type the HLA alleles were used making it difficult to compare these studies to each other (Table 9 ) [11] [12] [13] [14] [15] [16] [17] [18] [19] . The most common finding was an association between AAA and HLA-DRB1*02 alleles, which are divided into -DRB1*15 and *16 alleles. Tilson et al [12] demonstrated this association in 26 African-Americans. Rasmussen et al [13, 16, 17] reported a similar result in 37 North Americans and Hirose et al [14] reported this association in 46 Japanese. Sugimoto et al [18] (n = 49) and Moňux et al [19] (n = 72), however, failed to find such an association in their studies. Our study showed a marginally significant association between haplotype DQA1*0102/DRB1*1601 and AAA. The HLA-DRB1*1601 allele, however, was not significantly associated with AAA by permutation test (empirical p = 0.253; asymptotic p = 0.02). There was no significant association between HLA-DRB1*04 alleles and AAA in the current study, which differs from the results by Rasmussen et al [13] and Moňux et al [19] when using 37 and 72 AAA cases, respectively. No prior association stud-ies between AAA and HLA-DQA1 locus were performed ( Table 9 ).
The HLA-DQA1*0102 allele, which showed a potential association with AAA in our study, has been found to be associated previously with other diseases. The HLA-DQA1*0102 allele is known to be a protective allele against type 1 diabetes mellitus (DM) and systemic lupus erythematosus, which are classical autoimmune diseases [41, 42] . Interestingly, type 2 DM, which is a well-known risk factor for many cardiovascular diseases, is protective against AAA in the U.S. population [23] .
Although there is growing evidence of the association between the HLA system and autoimmune diseases, including AAA, the precise disease-causing mechanism is yet to be defined. It is also possible that an association between HLA and disease is only a marker for an undiscovered polymorphism in a linked gene. There are at least 120 additional genes in the MHC region. Most of these additional genes in the HLA class II region are involved in immunological functions that relate to the HLA class I and II genes [7, 43] . Because of the high density of potentially important genes in the MHC region, linkage disequilibrium around this region makes it difficult to identify the exact susceptibility gene for a disease.
Limitations of the study were: 1) the statistical power was relatively low (for significance level of 0.05 the power was 0.49 in the Belgian males; 0.14 in the Belgian females; 0.16 in the Canadian males and 0.22 in the Canadian females using the observed allele frequencies), and after correction for multiple testing, none of the results remained significant. Nevertheless, the findings were consistent in the sense that the HLA-DQA1*0102 allele frequency was always higher in the case groups than in the control groups (20.8% vs. 12.4% in the Belgian males; 21% vs. 16% in the Belgian females; 18.8% vs. 16.7 in the Canadian males; and 20.8% vs. 15% in the Canadian females); 2) although the overall sample size was not small, the number of alleles was large leading to relatively small counts for each allele; 3) we did not test the interaction with other loci and environmental factors, such as age, or smoking; and 4) our sampling scheme including spousal controls could lead to false positive results because of the potential effect of the HLA loci on mate selection. The HLA region has been suggested to influence mate selection based on odor differences coded by the MHC genes, with a preference for dissimilar partners, in both mice and humans [44] , although these findings are not always consistent. The presence of negative assortative mating could lead to false positive findings when comparing AAA cases to control spouses.
Conclusion
We found evidence for genetic association between the HLA-DQA1 locus and AAA suggesting that this genomic region harbors a genetic risk factor for AAAs in the Belgian male population. The same DQA1*0102 allele was present at higher frequency among the Belgian female, Canadian male and Canadian female cases supporting the hypothesis that autoimmunity contributes to the pathogenesis of AAAs. In future studies, the findings need to be assessed in another, larger sample.
